Abstract: There exist a large number of models of droplet heating and vaporization rates with different complexities and computational costs. This paper reviews briefly those which are currently or have a good potential to be used for efficient CFD (computational fluid dynamics) simulation, e.g. commercial CFD packages such as Fluent. All the models discussed in this paper are simple and CFD efficient, i.e., incorporation of them would not add substantial computational cost. However, many assumptions (e.g. infinite thermal conductivity in the droplet) are made for these models, and the models may have limited accuracy if the assumptions made are not satisfied.
Models of determination of droplet heating and vaporization rates are critical for spray problem modeling in various applications, such as spray combustion, spray cooling, droplet-based coating and painting, and pharmaceutical particle precipitation etc. After implementing the droplet heating and vaporization models and other relevant models (e.g, thermodynamic and transport properties [1] [2] [3] [4] ), CFD (computational fluid dynamics) is a very powerful tool to predict features and performance of many processes. For example, it can predict energy efficiency in internal engines, and morphology of biomedical spray-dried polymer particles.
There are six types of droplet-vaporization models from Sirignano's categorization [5] . In order of increasing complexity, they are (1) constant-droplet temperature model (which yields the famous d 2 law whereby the square of the droplet diameter decreases linearly with time), (2) infinite-liquid-conductivity model (uniform but time-varying droplet temperature), (3) spherically symmetric transient dropletheating (or conduction-limit) model, (4) effective-conductivity model, (5) vortex model of droplet heating, and (6) Navier-Stokes solution. Such categorization is very useful for a quick assessment of computational cost of various models, as discussed in a recent review paper by Sazhin [6] . Only the first two types are efficient enough and have been used in CFD commercial packages so far. The first type is inaccurate in most of cases because transient heating of the droplet is usually non-negligible. So, only the second type of models is discussed in this review.
Droplet heating

Ranz and Marshall model
The following correlation of Ranz and Marshall [7] has been widely used in CFD packages such as Fluent [8] .
is the Nusselt number, which is a nondimensional measure of the heat transfer coefficient. and are the Reynolds number, and Prandtl number, respectively. ℎ is the heat transfer coefficient, is the droplet diameter, and is the thermal conductivity of the free stream. The coefficient of is usually taken as 0.6, for example, in [8, 9] . Many other papers used the value of 0.552,for example, in [5, 10] .
The dependence in Ranz and Marshall model was obtained from qualitative analysis of problems at large Re, but in the laminar boundary layer region. This model has the common drawback of type two models -they do not consider the real droplet effect of liquidphase heat or mass transport and internal circulation [5] . So, these models are more accurate for slowly vaporization droplets, for which the droplet lifetime is long compared with a characteristic time for liquid-phase transport and thus the real droplet effect is not important. Note that the droplet heating model in Eq. 1 is based on non-vaporizing cases, as the classical stationary heated-sphere (no vaporization) result (Nu = 2) is extracted when Re = 0.
Spalding number correction
Chiang and Sirignano [11] has correlated their numerical results, relating the Nusselt number to the instantaneous Reynolds number and Spalding transfer number . is the Spalding number of heat transfer and ranges from 0.4 to 13. It is defined as follows:
where ℎ ) and ℎ + are the enthalpy at the edge of boundary layer and at the droplet surface, respectively. , )--is the effective latent heat [5] .
ANSYS Fluent [8] uses a modified version of Eq.
(1) when the vaporization rate is fast and the convection of the vapor is substantial. The modified equation is:
where 1 is the Spalding number of mass transfer given by
5 6,+ and 5 6, are the mass fraction of vapor at the droplet surface and in the free stream, respectively.
The two models with Spalding number correction are more accurate in vaporizing cases. The Chiang and Sirignano model [11] is recommended in the specific ranges as mentioned above. The model in [8] can be used for general vaporizing cases.
Re correction
The above models might be more accurate if distinguishing the flow conditions determined by Reynolds number. Clift et al. [12] and Abramzon and Sirignano [10] have considered the following form with Re correction:
8 ( ) is 1 when Re is less than 1, and is
when Re is in the range of 1~400. This model with Re correction should not be used for Re out of the explored range of 1~400.
Asymptotic models
Several papers (e.g. [13, 14] ) proposed asymptotic models from analytical estimation for low Pe (Peclet number) limit and high Pe limit.
At low Pe limit:
where the Peclet number is defined as the product of Reynolds number Re and Prandtl number Pr.
At high Pe limit:
The asymptotic models are rarely used, and are only recommended when the asymptotic conditions are well satisfied.
Viscosity ratio dependence
Some papers have considered the effect of viscosity ratio of the liquid phase and vapor phase, for example, Feng and Michaelides [15] proposed the following equations.
At < 1 and 10 < < 1000:
(A 6 , , ) = :
where A 6 is the kinetic viscosity ratio of the liquid phase and vapor phase, and H 6 ( ) is given by, Refer to Sazhin [6] for the detailed equations for (0, , ) , (2, , ) and (∞, , ).
The effect of liquid-to-vapor viscosity ratio is important and needs to be considered when the viscosity of vapor phase is not much smaller than that of liquid phase.
Droplet vaporization
Ranz and Marshall model
As mentioned above, Ranz and Marshall model [7] has been widely used in CFD packages such as Fluent [8] . According to Ranz and Marshall model, the dimensionless number determining the droplet vaporization rate, i.e. Sherwood number Sh, is given by:
where ℎ & is the mass transfer coefficient, O 6,& is the diffusion coefficient of vapor in the mixture, and NP is the Schmidt number. This equation simply replaces Nusselt number (Nu) in Eq. (1) with Sherwood number (Sh), and replaces the Prandtl number (Pr) with the Schmidt number (Sc). Other equations in the last section for Nusselt number may be also transformed in a similar way to the equations for the estimation of Sherwood number [6] . Similar to Nu number estimation, the Ranz and Marshall model in Eq. (13) is not accurate for fast vaporizing cases.
Spalding number correction
Nafziger The subscript "f" indicates film properties which are based on an average at the droplet surface and in the free stream [5] . The Spalding number 1 is given by Eq. (5).
Sazhin [6] proposed the following model from hydrodynamic analysis.
where Nℎ " can be estimated from Eq. (13). Section 1.2 has discussed the Chiang and Sirignano model [11] for the Nusselt number.
The corresponding correlation for Sherwood number is as follows:
where NP & is based on average gas-film values, and is varied from 0.4 to 2.2. 1 (given by Eq. (5)) ranges from 0.2 to 6.5. where U V,6 is the molecular weight of the vapor, T is the free stream density, and W 6,+ and W 6, are the vapor molar concentration at the droplet surface and in the free stream, respectively.
The models with Spalding number correction are more accurate for vaporizing cases. Among these models, the Chiang and Sirignano model [11] also considers the effect of film properties and is recommended in the specific ranges as mentioned above. The model in [8] can be used for general vaporizing cases.
Consideration of droplet interactions
For multi-droplet cases, the interactions amongst droplets would decrease the droplet vaporization rate if the spacing amongst droplets is not large enough (e.g. <8 ) [17] [18] [19] [20] [21] [22] [23] [24] . Imaoka and Sirignano [17, 18] proposed a correction factor to take account of the interaction effect. Spherical symmetry was assumed. The correction factor X Y for a droplet array of N droplets is given as:
where \ Y , \ ] , and are the droplet array volume, total liquid volume, and droplet number, respectively.
The model with consideration of droplet interactions is recommended when the spacing amongst droplets is not large enough (e.g. <8 ). The effect of droplet interactions is more important when there is no forced convection or the forced convection is not strong.
This paper reviews the models of droplet heating and vaporization that assume uniform temperature distribution inside of the droplets. These models represent a reasonable compromise of the computational accuracy and efficiency; so, they are either commonly used or have a good potential to be used in commercial CFD packages. The diffusion and convection effects have been well considered by tuning the dependence on Re, Pe, B M (or B H ), Pr and Sc. Effect of droplet interaction has been studied for spherically symmetric cases. However, the models for the more general cases with forced convection are yet to be developed. The models need also to be improved to take account of turbulence in high Re cases, chemical kinetics in chemically reacting cases, and high-temperaturehigh-pressure effect at near-critical conditions.
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